Fragile X syndrome, the most common inherited form of human mental retardation, is caused by mutations of the Fmr1 gene that encodes the fragile X mental retardation protein (FMRP). Biochemical evidence indicates that FMRP binds a subset of mRNAs and acts as a regulator of translation. However, the consequences of FMRP loss on neuronal function in mammals remain unknown. Here we show that a form of protein synthesis-dependent synaptic plasticity, long-term depression triggered by activation of metabotropic glutamate receptors, is selectively enhanced in the hippocampus of mutant mice lacking FMRP. This finding indicates that FMRP plays an important functional role in regulating activity-dependent synaptic plasticity in the brain and suggests new therapeutic approaches for fragile X syndrome.
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F
ragile X syndrome is a prevalent form of inherited mental retardation, occurring with a frequency of 1 in 4,000 males and 1 in 8,000 females. The syndrome is also characterized by developmental delay, hyperactivity, attention deficit disorder, and autistic-like behaviors (1) . There is no effective treatment for fragile X syndrome.
The syndrome is typically caused by a repeat expansion mutation in the FMR1 gene that encodes FMRP, the fragile X mental retardation protein. FMRP is known to associate with translating polyribosomes and a subset of brain mRNAs and is believed to function as a regulator of protein synthesis (2) (3) (4) (5) . Involvement of FMRP in synaptic plasticity has long been suspected, because polyribosomes, FMR1 mRNA, and FMRP are all present in dendritic spines, the major site of synaptic transmission on cortical neurons (6) . The Fmr1 null mutant (knockout) (Fmr1-KO) mouse, which has a behavioral phenotype consistent with fragile X syndrome, provided an opportunity to test this hypothesis. However, protein synthesisdependent late-phase long-term synaptic potentiation (LTP) was found to be unaffected in the hippocampus of mutant mice (7, 8) .
Reexamination of this issue was prompted by recent work showing that local synaptic control of protein synthesis is required for stable expression of a second form of hippocampal synaptic modification: long-term depression (LTD) triggered by activation of group 1 metabotropic glutamate receptors (mGluRs) (9) (10) (11) . A role for FMRP is this form of synaptic plasticity was further suggested by the fact that FMRP is one of the proteins known to be synthesized in response to mGluR activation (6) .
We report here that mGluR-dependent LTD (mGluR-LTD) is significantly altered in the hippocampus of Fmr1-KO mice. Rather than a deficit, however, we find that mGluR-LTD is augmented in the absence of FMRP. This finding is consistent with the recent discovery that FMRP normally functions as a negative regulator of translation (5, 12, 13) . We propose that exaggerated LTD and͞or mGluR function are responsible for aspects of the behavioral phenotype in fragile X syndrome, and that antagonists of group 1 mGluRs should be considered as possible therapeutic agents.
Materials and Methods
Hippocampal slices were prepared from postnatal day (P)21-30, C57BL͞6 congenic Fmr1-KO mice and their wild-type (WT) littermates, as described (10) . Slices were collected in ice-cold dissection buffer containing (in mM): sucrose, 212; KCl, 2.6; NaH 2 PO 4 , 1.25; NaHCO 3 , 26; MgCl 2 , 5; CaCl 2 , 0.5; and dextrose, 10. CA3 was removed immediately after sectioning. Slices recovered for 1-5 h at 30°C in artificial cerebrospinal fluid (ACSF) containing (in mM) NaCl, 124; KCl, 5; NaH 2 PO 4 , 1.25; NaHCO 3 , 26; MgCl 2 , 1; CaCl 2 , 2; and dextrose, 10, saturated with 95% O 2 , 5% CO 2 . For recording, slices were placed in a submersion recording chamber and perfused with 30°C ACSF at a rate of 2 ml͞min.
Field potentials (FPs) were recorded with extracellular recording electrodes (1.0 M⍀) filled with ACSF and placed in stratum radiatum of area CA1. Synaptic responses were evoked by a 200-sec current pulse to Schaffer collateral axons with a concentric bipolar tungsten stimulating electrode. Stable baseline responses were collected every 30 sec by using a stimulation intensity (10-30 A) yielding 50-60% of the maximal response. mGluR-LTD was induced in the presence of the N-methyl-Daspartate (NMDA) receptor (NMDAR) antagonist D-(-)-2-amino-5-phosphono-pentanoic acid (D-APV) (50 M) by using paired-pulse low-frequency stimulation (PP-LFS) consisting of 900 pairs of stimuli (50-msec interstimulus interval) delivered at 1 Hz. NMDAR-LTD was induced by using 900 single pulses delivered at 1 Hz (14) .
Waveforms were filtered at 2 kHz, acquired, and digitized at 10 kHz on a personal computer by using EXPERIMENTER'S WORKBENCH (DataWave Systems, Boulder, CO). The group data were analyzed as follows: (i) the initial slope of the FP for each experiment was expressed as percentages of the preconditioning or 3,5-dihydroxyphenylglycine (DHPG) baseline average (2) , and the time scale in each experiment was converted to time from the onset of conditioning or DHPG. All experiments were performed blind to the genotype of the mice, determined after analysis of individual experiments. After genotyping, the timematched normalized data were averaged across experiments and expressed in the text and figures as the means (Ϯ SEM). Significant differences between groups were determined by using an independent t test and the Komolgarov-Smirnov test.
R,S-DHPG and D-APV were purchased from Tocris (St. Louis, MO). All other chemicals were purchased from Sigma. DHPG was prepared as a 100ϫ stock in H 2 0, aliquoted, and stored at Ϫ20°C. Fresh stocks were made once per week. A 10ϫ stock of D-APV was prepared in ACSF and stored at 4°C. These stocks were diluted in ACSF to achieve their final concentrations. 
Results
Normal Synaptic Transmission in Fmr1-KO Mice. Hippocampal slices were prepared from P21-30 C57BL͞6 congenic Fmr1-KO mice and their WT littermates. Excitatory synaptic FPs evoked by stimulation of the Schaffer collaterals were recorded extracellularly from the stratum radiatum of area CA1. In all cases, the experimenters were blind to the genotype.
Previous studies have examined the properties of transmission at Schaffer collateral synapses in the CA1 region of hippocampus of these mutant mice. In terms of basal transmission, excitability, paired-pulse facilitation, early-phase LTP elicited with 100 Hz stimulation, and late-phase (protein synthesis-dependent) LTP induced with -burst stimulation, Fmr1-KO mice were indistinguishable from WT littermates (7, 8) . It can be inferred from these findings that excitatory synaptic transmission mediated by ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and NMDARs and the state of inhibition are not appreciably affected by the absence of FMRP. Because of this extensive prior characterization, we did not examine these properties here. However, we did confirm that FP amplitudes in response to increasing stimulus current were not different between Fmr1-KO and WT littermates [F(1,350) ϭ 0.358, P Ͼ 0.5], the maximum amplitude of FP from Fmr1-KO mice (1.73 Ϯ 0.19 mV; n ϭ 39 slices from 17 mice) was not different from WT (1.63 Ϯ 0.16 mV; n ϭ 36 slices from 18 mice; P ϭ 0.36), and the stimulus currents used to evoke baseline responses were not different between groups (Fmr1-KO 22 Ϯ 1 A; WT 23 Ϯ 2 A).
mGluR-LTD Induced by Synaptic Stimulation Is Enhanced in Fmr1-KO
Mice. Paired-pulse stimulation repeated at 1 Hz for 15 min (PP-LFS) induces LTD that is independent of NMDARs and requires activation of group 1 mGluRs (9, 10, 15) and the rapid translation of preexisting mRNA (9) . We therefore first examined the consequences of PP-LFS in slices from KO and WT animals.
We found that PP-LFS (delivered in the presence of 50 M D-APV to block NMDARs) produced a small but significant LTD in WT mice (93 Ϯ 3% 60 min after PP-LFS; n ϭ 21 slices from 10 mice; Fig. 1 ). The magnitude of LTD in these experiments is considerably less than what we have seen in previous studies using rats (9, 10) . This difference is likely because of the species and the strain of mice used. This finding of reduced LTD in C57BL͞6 mice was not entirely unexpected, as the magnitude of the NMDAR-dependent form of LTD is also typically less in these animals as compared with rats (personal observations). However, we were surprised to find that the magnitude of LTD induced with PP-LFS was significantly increased in slices prepared from KO animals (82 Ϯ 3%; n ϭ 18 slices from 8 mice; different from WT at P Ͻ 0.004; t test). The difference first emerged approximately 15 min after the tetanus; there was no indication that responses during or immediately after the PP-LFS were different in KO and WT animals ( Fig. 1 A) . To further evaluate whether the distribution of depression values was different between KO and WT groups, a Kolmolgarov-Smirnov test was performed on the cumulative probability distribution, and this confirmed a significant difference (P Ͻ 0.05; Fig. 1B) . Another way to induce mGluR LTD is to apply the selective group 1 mGluR agonist DHPG (16) . The advantages of this approach are that more synapses are affected more uniformly, and that it circumvents the need for presynaptic activation. Previous work under the same conditions as our experiments has shown a dose-dependent induction of LTD after DHPG (50-100 M, 5 min). Activation of mGluR5 is required for induction, and protein synthesis is required for stable expression, of DHPG-LTD (9, 10) . LTD with PP-LFS and DHPG are also mutually occluding, suggesting they use the same saturable expression mechanism (10). Therefore, in an attempt to confirm that mGluR-LTD is increased in Fmr1-KO mice using an independent method, we performed another series of experiments using DHPG to induce plasticity.
As in the previous study, experiments were performed in the presence of D-APV to eliminate the confound of NMDARdependent synaptic modifications. We used 100 M DHPG (5 min) to induce a saturating level of LTD. The results showed, again, a significant enhancement of mGluR-LTD in slices from KO mice (Fig. 2) . DHPG application to slices from Fmr1-KO mice resulted in depression of FP slope values to 77 Ϯ 3% of preDHPG baseline (measured 60 min after DHPG application n ϭ 21 slices from 9 mice). In comparison, DHPG-induced LTD was 88 Ϯ 4% in WT mice (15 slices from 8 animals; P ϭ 0.02; Fig. 2 A) . The Kolmolgarov-Smirnov test performed on the cumulative probability distribution confirmed the statistical significance of this difference (P Ͻ 0.05; Fig. 2B ). Although the acute effect of DHPG on synaptic transmission also appeared to be slightly enhanced in Fmr1-KO slices, this difference was not statistically significant (maximal acute depression: WT: 36 Ϯ 4%, KO: 26 Ϯ 5% of preDHPG baseline values). Western blots of hippocampal homogenates also confirmed that mGluR5 levels are comparable in KO and WT mice (data not shown).
NMDAR-Dependent LTD Is Normal in Fmr1-KO Mice. Two forms of homosynaptic LTD coexist at CA3-CA1 synapses: mGluR-LTD and a form that is triggered by activation of NMDARs (NMDAR-LTD) (17) . NMDAR-LTD in hippocampal slices is independent of mGluR activation and protein synthesis but instead requires activation of postsynaptic protein phosphatases (9, (18) (19) (20) . We examined NMDAR-LTD in Fmr1-KO mice to determine whether FMRP selectively regulates protein synthesis-dependent plasticity or LTD mechanisms in general. NMDAR-LTD was elicited by delivering 900 single pulses at 1 Hz (14) . In contrast to mGluR-LTD, NMDAR-LTD was normal in Fmr1-KO mice (86 Ϯ 4%; 14 slices from 8 animals) as compared with WT littermates (84 Ϯ 4%; 12 slices from 4 animals; P ϭ 0.6; Fig. 3 ). These results suggests that FMRP may specifically regulate mGluR-and protein synthesis-dependent plasticity.
Discussion
Using two distinct induction protocols, we show that mGluRdependent LTD is significantly increased in the hippocampus of animals lacking FMRP. The most straightforward hypothesis is that FMRP regulates LTD downstream of the mGluRs, likely at the level of mRNA translation.
Although many questions remain, we believe the implications of these data warrant sharing this finding without delay. If aspects of fragile X syndrome are related to exaggerated mGluRdependent synaptic plasticity, drugs that inhibit group 1 mGluRs and͞or LTD might be considered for the treatment of this disorder.
Involvement of FMRP in the Regulation of LTD.
Activation of postsynaptic group 1 mGluRs (primarily mGluR5), either by the selective agonist DHPG or by synaptically released glutamate, triggers LTD at Schaffer collateral synapses in area CA1 of the hippocampus. Recent evidence suggests that one expression mechanism for the LTD of synaptic transmission is the internalization of AMPA and NMDARs (11, 21) . Both synaptic depression and glutamate receptor internalization can be initiated by mGluR activation without new protein synthesis, but the stable expression of the change fails to occur when mRNA translation (but not transcription) is inhibited (9, 11) . The critical site of protein synthesis is the postsynaptic dendrite (9) .
One mRNA that is known to be translated in response to postsynaptic group 1 mGluR activation encodes FMRP (6) . Thus, the present experiments were designed to test the obvious hypothesis that the mGluR-dependent synthesis of FMRP plays a role in the stabilization of LTD. We were initially surprised to discover that LTD was actually enhanced in the absence of FMRP; however, this finding is consistent with a number of recent studies suggesting that FMRP can function as a negative regulator of mRNA translation (5, 12, 13) . Taken together, the data are consistent with a model in which an increase in FMRP normally serves to limit expression of LTD by inhibiting mGluRdependent translation of other synaptic mRNAs (Fig. 4) . One message that is negatively regulated by FMRP encodes the microtubule associated protein MAP1b, which has been shown in Drosophila to regulate synaptic structure and function (5) . Indeed, recent studies have shown an increase of MAP1b mRNA on polyribosomes in cells derived from fragile X patients, consistent with FMRP being a negative regulator of MAP1b translation (3). It will be of considerable interest to examine the role of MAP1b in the expression of hippocampal LTD.
In addition to LTD triggered by activation of group 1 mGluRs, there is a second well-studied form of homosynaptic LTD that is induced by activating NMDARs (22). In hippocampal slices, expression of NMDAR-mediated LTD is not protein synthesis dependent for at least 1 h (9, 23) and does not occlude mGluR-mediated LTD (10, 17) . Our finding of normal NMDAR-LTD in the Fmr1-KO mice supports the idea that these forms of LTD use distinct mechanisms. It is interesting to note that another form of NMDAR-dependent plasticity, LTP, is also unaffected in Fmr1-KO mice (7, 8) . Taken together, the results suggest that FMRP may be selectively involved in synaptic modifications that are triggered in response to mGluRstimulated protein synthesis.
Role of LTD and FMRP in Cortical Development. It has been suggested that mechanisms of LTD and LTP normally work in concert to fine-tune patterns of synaptic connectivity during development (24, 25) and to store memories in the adult brain (26) . One consequence of activating mGluRs in cultured hippocampal neurons is a long-term decrease in the surface expression of the ionotropic glutamate receptors that mediate synaptic transmission, possibly as a prelude to synapse elimination (11) . Thus, in the absence of FMRP, enhanced LTD could interfere with the establishment and maintenance of strong synapses required for normal brain function.
In this context, it is noteworthy that dendritic spine development is slowed in the cerebral cortex of Fmr1-KO mice (27) . Dendritic spines are the major targets of glutamatergic synapses in the cortex. Synapses are formed during development when long thin protospines emitted by pyramidal cell dendrites make contact with nearby axons (28) . As the synapse stabilizes, the spines shorten and become fatter. An increased percentage of long thin dendritic processes, reminiscent of protospines, is a characteristic feature of cortical neurons in FMRP-deficient mice (27, 29) and affected humans (30, 31) . It was previously suggested that this phenotype might be a consequence of reduced synapse elimination (6). We propose instead that the underlying defect may actually be enhanced activity-and mGluR-dependent synapse turnover, abnormally prolonging a state in which neurons are actively seeking new synaptic input. Consistent with this idea, it was reported very recently that hippocampal neurons in culture express significantly longer thinner spines after DHPG treatment. Like LTD, this effect of DHPG requires protein synthesis (32) .
Treatment of Fragile X Syndrome. The intriguing association of group 1 mGluRs and activity-dependent protein synthesis is not restricted to early postnatal development, the cerebral cortex, or LTD. mGluR-and protein synthesis-dependent LTD can still be elicited in hippocampus from mature animals, where it may contribute to memory storage, particularly during novel or stressful situations (33) (34) (35) . Moreover, recent work has also shown that LTD in the cerebellum, long known to depend on group 1 mGluRs and believed to contribute to learning motor reflexes (36) , also requires rapid translation of mRNA (37) . Finally, there is evidence that mGluR-triggered protein synthesis in the hippocampus can reduce the threshold for synaptic potentiation (38) and trigger epileptiform activity (39, 40) . It is conceivable that FMRP normally functions as a negative feedback regulator of all these physiological processes. In this context, it is interesting to note that the prominent features of fragile X syndrome also include heightened responses to novelty, compulsions, and seizures.
Taken together, the data lead us to hypothesize that fragile X mental retardation is a consequence of increased mGluRdependent protein synthesis and͞or LTD in the brain, both during early postnatal development and in adulthood. We have found that LTD magnitude increases with increasing activation of mGluR5 (10) . It follows that titration of a competitive antagonist will produce a graded reduction in this mGluR-and protein synthesis-dependent response. Thus, our hypothesis prompts an obvious question: Could inhibitors of group 1 mGluR-mediated synaptic transmission be effective in the treatment of this disorder? Although additional studies are obviously required to test this hypothesis, these data point to a rational pharmaceutical approach for fragile X syndrome. 
